Abstract: Cellular polymer films are frequently employed for packaging, insulation, and printing. They can also be used as ferroelectrets in transducer applications. Here, we propose a preparation process for cellular polyethylene-naphthalate (PEN) films with the following steps: (1) foaming by means of supercritical carbon dioxide (CO 2 ), (2) controlled inflation through gas diffusion and expansion, and (3) biaxial stretching. We describe and assess the cellular structure that is formed under suitable processing conditions. For foaming, the PEN films are saturated with supercritical CO 2 at room temperature for a few hours, at a pressure as high as 100 bar. The subsequent temperature treatment is very critical for controlling the sample density. Additional inflation can improve the cellular geometry and higher stabilization temperatures during the inflation process cause stronger inflation and thus lower densities. Stretching may be employed in order to achieve a regular cellular structure with lens-like voids. High electromechanical responses, i.e. large piezoelectric thickness coefficients are found only on samples within the proper density range and with optimal cellular structures.
Introduction
Cellular polymer films are widely used e.g. for food packaging [1], thermal and electrical insulation [2, 3] . Compared with solid films, cellular films have significant advantages such as lower density, much lower thermal conductivity, higher resistivity, etc. Recently, a more advanced technology for a range of novel applications has been introduced: On proper electrical charging, cellular polymer films are suitable as ferroelectrets and can be used in piezoelectric devices [4, 5, 6, 7, 8, 9 ].
An electret is a dielectric material that contains quasi-permanent electric charges, and a cellular ferroelectret is a polymer-based bipolar electret that shows piezoelectric activity which arises from the combination of the internal charges and the voided polymer matrix. The compression of a ferroelectret in its thickness direction ( Fig. 1) decreases the distance between positive and negative charges, i.e. the magnitudes of the macroscopic dipoles. Thus, the compensating charges on the electrodes decrease, and a voltage change (open circuit) or a flow of charge (short circuit) is generated [4, 6] . Therefore, the mechanical signal is transformed into an electrical signal. In this case, the piezoelectric thickness coefficient d 33 can be employed to describe the electromechanical response. Conversely, the expansion of a ferroelectret generates voltage change or charge flow in the opposite direction.
Since the macroscopic dipoles, which are formed by separated positive and negative charges, are "quasi-dipoles" and can be switched, voided polymer ferroelectrets show some, but not all, features of ferroelectricity. There is, however, no Curie temperature for ferroelectrets because of the charges and thus also the "quasidipoles" gradually decay over a larger temperature range. This temperature range could be considered as "Curie relaxation", instead of a sharp Curie transition. A disappearance or reduction of the dipole moments because of structural changes (e.g. a collapse of the voids under high pressure or temperature) could also be considered as such a "Curie relaxation".
A regular lens-like void structure (with voids several dozens of µm in lateral extension and a few µm in height) is very critical for the electromechanical response: As the internal electric charges are generated by micro-plasma discharges inside the voids, too flat voids make efficient charging difficult or even impossible [6] . In addition, too flat voids lead to rather stiff non-compressible films with reduced electromechanical response. Investigations on polypropylene (PP) and polyethylene terephthalate (PET) ferroelectrets show that a controlled inflation decreases the sample density, resulting in lower elastic stiffness and higher piezoelectricity. If the film is inflated to an even lower density, the voids become more spherical, and the elastic stiffness strongly increases, so the piezoelectricity decreases again [10, 11, 12] . Both, chemical and physical foaming is possible to prepare cellular polymer films. Instead of a blowing agent in chemical foaming, supercritical gas can be applied in physical foaming, which does not cause any pollution or impurity. A two-step process is employed in the present physical foaming: The film samples are first exposed to supercritical gas at high pressure so that the polymer is saturated with the supercritical fluid. Then the sample undergoes a heat treatment at a temperature above the material's glass-transition temperature T g [13] , and the sudden volume increase of the supercritical fluid upon its phase change leads to voiding of the film. In addition, the heat treatment stabilizes the structural changes.
Further inflation [10] is possible to improve the cellular geometry: The voided film is exposed to high-pressure gas, until the voids are full of the pressurized gas. When the ambient high pressure is suddenly removed and a heat treatment is applied, the voids are inflated due to the large pressure differences across the cell walls. The change of the foam geometry is again stabilized by the heat treatment. Stretching can be applied to decrease the void height and results in lens-like voids. Several foaming processes of polymer films for ferroelectrets have been studied: the chemical foaming of fluorinated ethylene propylene (FEP) [14] , the physical foaming of polypropylene (PP) [10, 15, 16] and of polyethylene terephthalate (PET) [17] [18], etc.
Recently, another high-performance thermoplastic polyester, polyethylene naphthalate (PEN), received more attention due to its excellent handling properties. Its chemical structure is the same as that of PET, except that the single-ring terephthalate is replaced by the double-ring naphthalate, which enhances the thermal, mechanical and barrier performance of PEN in comparison with PET. PEN ferroelectrets have been successfully developed recently and show high prospects, e.g. a relatively high thermal stability for piezoelectric properties, or in other words, a relatively high "Curie relaxation" range at 80-100 °C [19] . However, the process of structure formation and its influence on the piezoelectric properties have not been discussed in detail yet. The aim of this work is to develop cellular PEN films with proper void structure, by varying the processing parameters, and to investigate the structure-related piezoelectric response of PEN ferroelectrets. Our starting material is biaxially oriented PEN film (Teonex ® Q51 from DuPont Teijin Films™) with an original thickness of 50 µm and a density of 1.5 g/cm 3 . The original film is solid and optically transparent.
Results and discussion
Physical foaming in supercritical carbon dioxide (CO 2 ) is applied to prepare cellular PEN films. The CO 2 -saturation temperature is increased from room temperature (RT, 25°C) to elevated temperatures of 50, 75 and 100 °C. However, experimental results show that the densities of the voided samples decrease only slightly with the increase of the CO 2 -saturation temperature. This means the saturation temperature is not critical, and RT is sufficient for the saturation process, although at higher temperature the material is softer, which favours the penetration of the supercritical fluid into the polymer and thus results in stronger voiding and lower density. Samples are saturated with supercritical fluid for periods of up to 90 hours, as shown in Fig.  23 , and low density is only achieved when the CO 2 -saturation time is long enough. For longer saturation times, CO 2 can diffuse into the material in sufficient amounts, which causes stronger voiding and lower density. However, the saturation time is not critical as long as this period is longer than a few hours, which means the diffusion of CO 2 is complete under the given conditions.
In the voiding process, the temperature has a significant influence on the resulting sample density, as illustrated in Fig. 3 . Sample density decreases obviously with the increase of the voiding temperature and this is because stronger gas expansion takes places at higher temperature. In addition, polymers are softer at higher temperature. But sometimes a very strong voiding at higher temperature is detrimental for the film because it can cause bubbles near the surface, which leads to non-uniform films with large thickness variations. The voiding time is limited to less than 10 seconds, since longer heat treatment also causes bubbles. In addition, samples that are saturated at 100 and 200 bar show the same density-temperature dependence. After voiding, some film samples are further inflated and/or stretched, in order to improve their cellular structure. Fig. 4 shows the density as a function of the thermal stabilization temperature for the inflation process. This density-temperature dependence shows the same tendency as voiding: lower density is achieved at higher temperature. In addition, samples treated through more steps show a weaker trend. This is because after a series of treatment steps, the physical structure of the polymer material is partially destroyed, and it is more difficult to improve the sample structure than before. The samples treated by a series of treatments are less dense, as well. Fig. 5a shows a scanning-electron-microscope (SEM) image of the cross-section of a voided sample. It exhibits only relatively few voids with irregular shape, and the whole film is not well foamed. Fig. 6b shows the SEM image of a voided, stretched and inflated sample, and a cellular structure has been formed. Because the last treatment step is inflation, this kind of sample has a somewhat lower density, with voids of more spherical shape. Fig. 6c shows the SEM image of a voided, inflated and stretched sample, with much more regular lens-like cells. Since the last process step is stretching, the sample density is relatively high. Fig. 5a ), they still show d 33 coefficients of up to 10 pC/N, with densities between 0.6 and 1.0 g/cm 3 . The voided, stretched and inflated samples (structure in Fig. 5b ) also show d 33 coefficients smaller than 10 pC/N, but with lower densities between 0.3 and 0.6 g/cm 3 . The voided, inflated and stretched samples (structure in Fig. 6c) show d 33 coefficients as high as 60 pC/N, with relatively high densities of 1.0 to 1.3 g/cm 3 . Most high-d 33 samples have a density around 1.0 g/cm 3 , corresponding to an average elastic modulus c 33 of about 6 MPa, and samples with densities higher or lower than 1.0 g/cm 3 show relatively low d 33 coefficients. The voided samples exhibit very low electromechanical response because the proper cellular structure has not been formed. The voided, stretched and inflated samples possibly have regular cellular structure. The voids are, however, more spherical, and the film samples are stiff, which is detrimental to the electromechanical response. The additional stretching step decreases the void height and also the film stiffness, and thus increases the electromechanical response of the voided, inflated and stretched samples.
It should be noted that not only the sample density (or stiffness), but also the structure, i.e. the shape and size distribution of the voids, influence the electromechanical response. Unfortunately, the shape and size distributions of the voids could not be controlled very well yet. Therefore, the scatter in the piezoelectric coefficients of samples with almost the same optimized density is large.
Conclusions
Cellular PEN films have been prepared from solid PEN films by means of foaming, inflation, and stretching. The SEM images demonstrate that cellular structures are formed after a series of suitable treatments. High-pressure treatment with supercritical CO 2 between 100 to 200 bar is a successful method for the physical foaming of PEN films. The temperature and time for carbon-dioxide saturation and inflation are not critical, and the process can be done at room temperature for a few hours, since higher temperature and longer treatment do not influence the resulting sample density. Both higher voiding temperature and higher stabilization temperature result in stronger foaming or inflation and thus lower film density. Stretching is possible to form more regular lens-like cellular structures. The control of gas pressure and treatment temperature is important. Not only the sample density (or stiffness), but also the structure (shape and size distribution of the voids), influence the electromechanical response: high d 33 coefficients are found only on the samples within a proper density range and with a well-formed cellular structure. In addition, the density-dependent piezoelectric response of PEN ferroelectrets is similar to that of PP and PET ferroelectrets.
Experimental part
Film samples with an area of 10 cm*10 cm were cut from as-received PEN sheets. Fig. 7a and 7b schematically show the structure change in the voiding process and in the inflation process, respectively. The inflation process is sometimes called GasDiffusion Expansion (GDE), and it can be done with various gases such as N 2 , N 2 O or SF 6 [16, 20] . Both high pressure treatments for voiding and for inflation were carried out in a steel chamber (Sigmar Mothes Hochdrucktechnik Berlin). The experimental operations in voiding and inflation were actually the same, but the principle of structure change is different, as explained in the introduction. Fig. 7c schematically shows the change of void shape during the stretching process. Sample thicknesses were determined with a thickness gauge under constant spring loading. Densities were calculated taking into account sample geometry and weight. Internal charging of the voids was achieved in a point-to-plane corona discharge in air at atmospheric pressure with a voltage of -21 kV. The charging process took 15 seconds. Aluminum electrodes of around 50 nm thick, as needed for piezoelectric measurements, were deposited onto both sides of the samples in high vacuum. The piezoelectric coefficient d 33 was determined dynamically: The sample is loaded with a static force of 3 N plus a sinusoidal force of 1 N (peak-to-peak) at a frequency of 2 Hz, and the electrical response was measured. The analysis of piezoelectric resonances in the dielectric spectrum was carried out by means of a high-resolution dielectric analyzer (Novocontrol GmbH Germany): The sample was clamped and contacted with two electrode plates and a sinusoidal voltage was applied at frequencies from 3*10 6 to 1*10 4 Hz. When a voltage was applied, the ferroelectret deformed due to the piezoelectric effect; and if the voltage was alternating at a given frequency, the ferroelectret oscillated primarily at the same frequency. If this frequency matched one of its natural oscillation frequencies, a detectable resonance occurs. The frequency dependence of the complex capacitance was fitted according to the expected resonance behavior, and parameters such as the piezoelectric coefficient d 33 and the elastic modulus c 33 was extracted [21] . a. Gas saturation at high pressure and voiding at high temperature.
b. Inflation due to pressure difference across the cell wall, structure change is thermally stabilized.
c. Change of void shape due to stretching. 
